Abstract. Nearly one quarter of patients with colorectal carcinoma (CRC) were diagnosed at an advanced stage. Under these circumstances, radical resection of the tumor is the best strategy to enhance the five-year survival rate. However, up to 50% of post-operative patients experience cancer recurrence within the first few years. Therefore, post-operative surveillance is important. However, currently performed post-operative monitoring relies on relatively dated methods with insufficient sensitivity and specificity. The present study applied an advanced technology of ultra-performance liquid chromatography coupled with quadrupole time-of-flight mass spectrometry in order to examine changes in metabolite patterns in serum with the aim of identifying reliable biomarkers in patients with CRC at various time-points. Serum samples were collected from and 20 CRC patients prior to radical resection (group 1) and one month following radical resection (group 2) as well as from 20 healthy volunteers (group 3). Multivariate pattern recognition was used to identify potential biomarkers of CRC. Compared with healthy volunteers, three groups of biomarkers were identified in patients with CRC (P<0.05), namely phosphatidylcholines (PCs), lysophosphatidylcholines (LPCs) and diacylglycerols (DAGs). However, no statistical difference in the levels of these biomarkers between pre-operative and post-operative CRC patients was identified (P>0.05). PCs and LPCs, which contain polyunsaturated fatty acids, were decreased, whereas LPCs and DAGs, which contain saturated fatty acids, were increased in CRC patients. The present study demonstrated that obvious metabolic disturbances occur during the development of CRC and provided a novel analytic method, which is likely to be used as a diagnostic tool for CRC and may help to improve the patients' prognosis.
Introduction
Colorectal cancer (CRC) is the second leading cause of cancer-associated mortality (1) . However, early diagnosis of CRC is challenging, as marked symptoms only appear in the period of disease progression. Therefore, most patients are diagnosed at a late stage (2) . As a result, only radical resection of the tumor improves the clinical prognosis and provides a chance to prolong survival. However, up to 50% of the post-operative patients suffer from a disease relapse within the first 3-5 years after operation (3) . To reduce the risk of cancer recurrence as well as metastasis, post-operative patients must be closely monitored and their treatments adjusted to their condition. In general, post-operative assessments are based on clinical symptoms, serum biomarkers and imaging results (4) . However, these relatively dated methods, including examination of serum tumor markers and computerized tomography, often lack sufficient sensitivity and specificity for guiding timely and appropriate therapies. Therefore, the development of more effective methods for the surveillance the disease process is required.
Small changes in the body can lead to large changes in metabolite levels (5) . Metabonomics, one of the '-omics' technologies, provides quantitative measures to detect those large changes in the metabolic profiles of individuals responding to pathophysiological stimuli or genetic modification (6) . Due to its high throughput, sensitivity and non-invasiveness, metabonomic analysis has already been used as A diagnostic tools in numerous human diseases, including diabetes (7), cancer (8) , cardiovescular disease (9) and respiratory disease (10) . Although a growing amount of research has provided experimental and clinical evidence for the close association between specific biomarkers and diagnosis of certain types of cancer, including CRC (1, 2, 4) , the application of metabonomic analysis to post-operative monitoring of CRC has rarely been reported (11) .
Ultra-performance liquid chromatography coupled with quadr upole time-of-f light mass spectrometry (UPLC-QTOF-MS) has been applied to evaluate the levels of certain disease-associated factors and biomarkers in biofluids which can be obtained by non-invasive techniques (including serum, urine or feces) as well as tissues (11) . Due to the combination of high operating pressures and 1.7-µm porous particles, UPLC is more sensitive and has a higher peak capacity and a better resolution compared with those of the traditional high performance liquid chromatography (HPLC) technique (12) . Thus, this novel technique is considered to be suitable for large-scale untargeted metabonomics. The present study aimed to utilize UPLC-QTOF-MS for the post-operative monitoring of CRC patients by detecting changes in their serum metabolite patterns.
Materials and methods
Patients. All patients and healthy volunteers provided written informed consent in accordance with the institutional guidelines. The present study was approved by the Human Ethics Committee of the First Affiliated Hospital (School of Medicine, Zhejiang University, Hangzhou, China). Twenty patients with CRC who underwent radical resection, comprising nine cases of colon cancer and eleven cases of rectal cancer, as well as twenty age-and gender-matched healthy volunteers (individuals with no recorded tumors or other metabolic diseases) were recruited between March 2013 and August 2014 at the First Affiliated Hospital (School of Medicine, Zhejiang University, Hangzhou, China). Clinical and demographic characteristics of these individuals are listed in Table I .
The inclusion criteria were as follows: i) Positive diagnosis with stage A-C CRC according to the Duke classification (13) ; ii) histopathological confirmation of adenocarcinoma of the colon or rectum; iii) no prior enterectomy, radiotherapy and systemic chemotherapy; iv) no other metabolic diseases, such as diabetes mellitus; v) no inflammatory conditions. The exclusion criteria were as follows: i) Extra-abdominal metastasis or stage D Duke Classification; ii) concomitance of other malignant neoplasm; iii) application of any drugs in the previous two weeks; iv) drop-out during the study period.
Reagents and materials. HPLC-grade acetonitrile, leucine-enkephalin and formic acid were purchased from Sigma-Aldrich (St. Louis, MO, USA). Deionized water was produced using the Milli-Q ultrapure water purification system (Millipore, Bedford, MA, USA). Sample collection and preparation. Blood samples were obtained healthy controls and from CRC patients prior to radical resection as well as one month after surgery prior to any additional medical treatments, such as chemotherapy. All samples were collected from participants under fasting conditions. In all instances, 5 ml blood from each proband was collected in tubes which did not contain any anti-coagulant substances. The collected blood was left on the laboratory bench for 30 min at room temperature prior to being centrifuged (3,000 x g, 5 min, 4˚C). The serum was carefully aspirated, transferred to a clean Eppendorf tube and subsequently stored at -80˚C.
Prior to metabonomics analysis, the serum sample was thawed at room temperature. In order to precipitate the protein in serum sample, 200 µl sample was added into 600 µl ice-cold acetonitrile. The mixture was vortexed and centrifuged (12,000 x g, 15 min, 4˚C). Finally, the supernatant was transferred into a HPLC sample glass vial and stored at 4˚C for UPLC-MS analysis. To evaluate the reproducibility and stability of the UPLC-MS system, 10 µl of each sample was added into one vial to generate a pooled quality control (QC) sample, which was measured every eight samples throughout the experiment. The results of five consecutive runs of the QC sample are shown in Fig. 1 ; the stable retention times and tight overlap of the peaks demonstrate high repeatability and stability of the analytical system.
Blood biochemical parameter analysis. All blood samples were subjected to analysis using the Beckman-Coulter HMX automated system (Beckman-Coulter, Brea, CA, USA) to analyze the biochemical blood parameters, including hemoglobin (Hb), red blood cells (RBC) and white blood 
cells (WBC)
. Serum carcinoembryonic antigen (CEA) was measured using a chemiluminescent technique (CEA Access; Beckman Coulter).
UPLC-QTOF-MS analysis.
UPLC was performed using a Waters Acquity UPLC system (Waters Co., Milford, MA, USA) with a conditioned autosampler at 4˚C. A 5-µl sample was injected into a Waters BEH C8 column (inner diameter x length, 2.1x100 mm; 1.7 µm particle size), maintained at 50˚C. Mobile phase A contained 0.1% formic acid and 99.9% water or and mobile phase B contained 0.1% formic acid and 99.9% acetonitrile. The gradient elution program was as follows: 97% A in the initial 0-7 min, decreasing to 20% A at 8 min and to 2% A at 16 min at a flow rate of at 300 µl/min. The conditions were kept constant for 5 min and then changed to 100% B within 50 sec, which was maintained for 3 min. The column was equilibrated to 97% A over 25 min, which was maintained for 5 min. Mass spectrometric analysis was performed using a Waters Q-TOF Premier mass spectrometer (Waters Co.) in positive electrospray ionization mode. The apparatus was previously calibrated using sodium formate (Sigma-Aldrich) and a lock mass of leucine enkephalin (0.5 ng/µl) was used for an accurate mass determination setting at m/z 556.2771 in positive ion mode. The detection parameters were optimized as follows: Capillary voltage, 3 kV; and cone voltage, 40 V. The scanning time was 0.3 sec covering the 50-1,000 Dalton mass range. The source temperature was set as 120˚C and the desolvation gas temperature was 350˚C. Nitrogen (purchased as liquid nitrogen; Merriam-Graves Corp., White River Junction, VT, USA) was used as the nebulizer gas at a flow rate of 600 l/h.
Data analysis.
The UPLC-MS data collected in positive ion mode were pre-processed using Masslynx 4.1 software (Waters Co.). This application was used for peak alignment to obtain a list containing the m/z, retention time and intensities for all peaks detected. The pre-processed data were exported and analyzed using SIMCA-P+12.0 (Umetrics AB, Umea, Sweden). All data were normalized and Pareto scaled prior to multivariate statistical analysis. Unsupervised principal component analysis (PCA) was first used to separate treatment groups from the control group. If the separation between different groups was observed in the PCA plot, supervised partial least-squares latent structure discriminate analysis (PLS-DA) was then used to highlight the difference and obtain metabolites that contributed to the classification. Potential biomarkers were identified according to 'variable of importance in projection' (VIP) values and S-plots.
To further identify the potential biomarkers, the Human Metabolome Database (HMDB; http://hmdb.ca/), PubChem compound (http://www.ncbi.nlm.nih. gov/) and Kyoto Encyclopedia of Genes and Genomes (KEGG, http://www. genome.jp/kegg/) databases were searched to match the selected ion spectra with those of the metabolites obtained from databases. MS analysis of the experimental samples in comparison with the standards was further performed for the validation of the potential biomarkers.
Statistical analysis. Blood biochemical parameters and serum metabolic biomarkers are expressed as the mean ± standard deviation. The homogeneity of variances was verified using Bartlett's test. One-way analysis of variance with Bonferroni's post-hoc test was then performed to compare the spectral variables among different serum samples. P≤0.05 was considered to indicate a statistically significant difference. Statistical analysis was performed using GraphPad Prism 5 (GraphPad Inc. La Jolla, CA, USA).
Results

Clinical biochemical features of CRC patients.
The clinical biochemical serum parameters of patients prior to surgery (group 1), subsequent to surgery (group 2) and healthy controls (group 3) are presented in Fig. 2 . Serum levels of CEA were significantly elevated in group 1 compared with B A those in group 3 (P<0.001). Following surgery, the CEA levels were markedly decreased by ~8-fold in group 2 ( Fig. 2A) . Two distinct populations with high and low levels of CEA were observed in group 1, which may be due to the expression of CEA depending on the location of the tumor (colon or rectal). By contrast, a significant increase was noted in Hb levels following surgery (P<0.001), while no statistically significant difference was present between groups 2 Figure 2 . Clinical biochemical characteristics of CRC patients and healthy controls. The serum levels of (A) CEA (B) Hb (C) RBC (D) WBC in CRC patients prior and following operation and in healthy controls. The scatter diagrams show that serum levels of CEA in group 1 were markedly increased compared with those in group 3 (P<0.001). After the operation, CEA levels in group 2 decreased significantly (P<0.01) but remained higher than the levels in group 3 (P<0.05). Unlike CEA, following operation, serum levels of Hb in group 2 increased when compared to those in group 1 (P<0.001), and no statistically significant difference was noted between group 2 and group 3. Furthermore, the RBC count was slightly lower and the WBC count was slightly higher in group 1 compared with that in groups 2 and 3, while RBC and WBC counts showed no statistically significant difference among the three groups (P>0.05). Each data point represents the value for one patient. Horizontal lines represent the mean values and bars represent the standard deviation. (Fig. 2B) . Furthermore, the red blood cell count was slightly decreased in group 1 compared to that in groups 2 and 3, while the white blood cell count in group 1 was slightly increased compared with that in groups 2 and 3 ( Fig. 2C and D) , indicating that the anemia of the patients improved with surgical treatment. However, there was no statistically significant difference in the red and white blood cell count between groups 1-3 (P>0.05).
UPLC-MS analysis.
Low-molecular-weight metabolites in the serum of CRC patients prior to and following operation and healthy controls are presented in base peak intensity chromatograms (Fig. 3) . Compared with the healthy control group, the levels of certain metabolites were increased (hollow arrow) in the CRC patients, while others were decreased (black arrow). The peak patterns in the pre-operative group were similar to those in the post-operative group, suggesting a relatively small effect of surgical operation on the patients' metabolite patterns. However, the peak patterns in the healthy control group were obviously different from those in the pre-operative and post-operative groups.
PCA and PLS-DA analysis of UPLC-MS data.
In order to illustrate the differences in the metabolic profiles among the three groups, an unsupervised PCA was first used to analyze the multivariate data. In the PCA score plot, data of the control and CRC serum samples did not cluster sufficiently, as shown in Fig. 4A . Therefore, a supervised PLS-DA was performed, which was better at distinguishing the variation compared with the PCA method; it was therefore used in order to discriminate the three groups according to their the metabolic differences. The PLS-DA plot is shown in Fig. 4B and C, where each data point represents an independent sample. In spite of certain overlaps between data points, the PLS-DA method was more suitable for clustering of the three groups, producing a distinguished classification. Similarities were observed within each group, and the three distinct clusters clearly represented the pre-operative, post-operative and healthy control groups in the PLS-DA scoring plot, suggesting the presence of significant metabolic differences between the three groups.
Candidate biomarker identification. According to the VIP values (the top 20 VIP) and the S-plot, 20 metabolites were selected as candidate biomarkers (Table II) . In the S-plot, significantly different metabolites were identified among the pre-operative, post-operative and control groups, which may be utilized for discriminating between the three groups. The boxes indicate the candidate biomarker which are most suitable for the discrimination of groups in the S-plot (Fig. 5) . The HMDB, PubChem compound and KEGG databases were then searched to compare the MS data with chemical standards in order to identify the potential biomarkers, which are listed in Table II . Levels of three groups of biomarkers, lysophosphatidylcholines (LPCs), phosphatidylcholines (PCs) and diacylglycerols (DAGs), were significantly different between the patients with CRC and the healthy controls. Among them, PCs and LPCs which contain polyunsaturated fatty acids were decreased, whereas LPCs and DAGs which contain saturated fatty acids were increased in CRC patients compared with those in healthy individuals. However, the top 20 discriminating metabolites were not Red represents samples of group 1, blue represents samples of group 2 and green represents samples of group 3 Group 1, patients with CRC prior to operation; group 2, patients with CRC following operation; group 3, healthy controls. PCA, principal component analysis; PLS-DA, partial least-squares discriminant analysis; CRC, colorectal cancer; t1, largest variation in the UPLC-MS data; t2, second-largest variation in the UPLC-MS data; Num, number; UPLC-MS, ultra-performance liquid chromatography coupled with quadrupole time-of-flight mass spectrometry.
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significantly different between pre-operative and post-operative CRC patients (P>0.05); therefore, they are not suitable for discriminating between pre-and post-operative patients.
Discussion
Metabonomics is a rapidly developing discipline that provides a broad scope as well as direct information on complex cellular responses with a low requirement of material and sample preparation (14) . It has been extensively applied in human diseases and has significantly contributed to the discovery of novel biomarkers of diseases. CRC represents a major cause of cancer-associated mortality worldwide (1) . Metabonomics has offered a novel perspective regarding the genesis of CRC as well as an approach towards cancer diagnosis. Recently, multiple biomarkers were identified in the tissues and biofluids of CRC patients (1,2,5). However, most of these markers have also been discovered in several other metabolic disorders (15) (16) (17) . Therefore, specific biomarkers for monitoring CRC remain to be discovered.
The present study utilized UPLC-MC in order to detect serum metabolites in patients with CRCs. Due to the large amount of data obtained, multivariate statistical analysis models, including PCA and PLS-DA, were used to discriminate between pre-operative and post-operative groups as well as healthy controls. By using PLS-DA, in spite of certain overlaps between data-points, three distinct clusters representing the three different groups were obtained. Within each group, in-group similarities were observed, which distinguished them from the other groups. Candidate biomarkers for CRC patients at different time-points of treatment were selected according to VIP values and the S-plot. Metabolites that significantly contributed to the discrimination of CRC patients were identified as LPCs, PCs and DAGs. Most of the PCs were decreased in CRC patients, while the majority of the The mechanisms by which PCs decrease in the serum of CRC patients may depend on several factors. One of them may be associated with the decrease in PC synthesis. PCs are major lipid components of biomembranes, produced by two pathways: The de novo pathway (Kennedy pathway) and the re-modeling pathway (Land's pathway) (18) . In the Kennedy pathway, PCs are synthesized by CDP-choline and diacylglycerol under the catalysis of PC synthase. Almost all cancer types, including CRC (19) , lung cancer (20) , heptocellular carcinoma (21) , are characterized by specific shift in energy metabolism. A predominance of aerobic glycolysis over oxidative phosphorylation (Warburg effect) is usually present in cancer cells (22) . As a result, the insufficient formation of adenosine triphosphate and CDP-choline induce a reduction in PC synthesis. Another mechanism is based on the susceptibility of lipids containing polyunsaturated fatty acids to free radicals and enzymes (23) . Due to oxidative stress, the integrity of cellular membranes is destroyed and the generated lipid hydroperoxide becomes a major reaction product (24) . Lipid hydroperoxide has been detected in a diverse range of diseases, including diabetes (15), cancer (16) , arthritis (17) and Alzheimer's disease (25) . The results of the present study showed that the PCs which were decreased in CRC patients were mainly polyunsaturated PCs. Thus, the other possible reason for the reduction of PCs is the peroxidation and transformation of PCs. In addition, following surgery, compared with the healthy controls, the serum levels of PCs decreased even more significantly than those in the pre-operative group, suggesting that the decreased levels of PCs following surgery may be the result of injury-induced elevation of aerobic glycolysis. This hypothesis is required to be explored by further studies.
LPCs are the hydrolysis products of PCs. The present study showed that LPCs containing polyunsaturated fatty acids were downregulated in CRC patients, which was in line with the opposite trend for PCs containing polyunsaturated fatty acids. Phospholipase A2, a critical enzyme in catalyzing the hydrolysis of PCs into LPCs, has an anti-tumorigenic role in various types of cancer (26) (27) (28) , and its low activity in CRC patients may contribute to the decrease of LPCs. LPCs act as a bioactive mediator in various biological processes, including injury and inflammatory responses (29, 30) , cellular motility, growth and regulation of differentiation (31) . Numerous clinical experiments have shown that serum LPCs levels are lower in patients with advanced cancer (32) (33) (34) . However, the results of the present study also showed that LPCs containing saturated fatty acids were upregulated in CRC patients. A possible explanation may be the different roles of various LPC sub-types in tumorigenesis. For example, certain sub-types of LPCs and other lysophospholipids have been demonstrated to elevate the production of multiple growth factors in breast cancer cells, including interleukin-6 and -8, which are regulators of neovascularization (35) .
DAGs are well-known secondary messengers in signaling pathways regulating cell proliferation and apoptosis (36, 37) . DAGs are also involved in the structural regulation of organelle morphology. Acute DAG deletion disables nuclear membrane assembly and causes alterations of endoplasmic reticulum morphology (38) . In the present study, the levels of DAGs were not significantly different between the pre-operative group and the healthy control group. However, following surgery, the serum levels of DAGs were markedly increased when compared to those in the healthy controls, indicating that DAGs may function as structural components of organelles to repair cells damaged during the operation.
In conclusion, the present metabonomics study used the novel UPLC-QTOF-MS method, which is a sensitive and effective tool for biomarker discovery, to identify three groups of biomarkers for CRC, namely LPCs, PCs and DAGs. PCs and LPCs containing polyunsaturated fatty acids were decreased, whereas LPCs and DAGs containing saturated fatty acids were increased in CRC patients. To the best of our knowledge, the present study was the first to use an UPLC-QTOF-MS-based serum metabolite analysis approach to compare CRC patients at various time-points of treatment with healthy controls. Although the number of participants included in the present study was relatively small, a clear discrimination between CRC patients and healthy volunteers was observed. However, the absence of significant differences in metabolite profiles between pre-operative and post-operative groups may suggest the importance and necessity of post-operative medical procedures, such as chemotherapy. Once the serum metabonomic results of the present study are validated in a larger number of patients, it is anticipated that serum analysis using UPLC-QTOF-MS may become a standard clinical procedure to effectively diagnose and monitor CRC patients.
